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Section S1. Lunar mantle concentrations of the VSEs
Because we have no direct samples of the lunar mantle, siderophile element concentrations in the Moon's mantle must be estimated from values measured in mantle melts (lunar basalts and volcanic glasses). During melting of the mantle, the distribution of an element between solid and liquid can be monitored with the partition coefficient, D, which is the weight ratio of an element between a solid phase and silicate melt. Elements exhibit either compatible (D > 1) or incompatible (D < 1) behavior, so that compatible elements have lower concentrations in melts and incompatible elements have higher concentrations in melts, compared to the mantle. Correlations between a siderophile element and refractory lithophile element of equal compatibility or incompatibility will not be fractionated significantly during mantle melting and magmatic crystallization processes (e.g., high versus low Ti basalts for the Moon, or ocean island basalt, mid ocean ridge basalt or komatiite for Earth) and thus can be used to estimate concentrations of siderophile elements in the original mantle. This approach was pioneered by (47) who showed that the Co and Ni concentrations (both compatible) in the lunar mantle could be estimated from correlations with Mg and Fe. In addition, many refractory siderophile elements are incompatible during melting of a metal-free mantle (e.g., Mo, W, and P; (47)), and when coupled with a refractory lithophile element of nearly equal incompatibility (e.g., La or Nd), their correlation can be used to estimate the original mantle concentration ( fig. S1 ). For refractory and moderately siderophile elements, the correlation line is well below the chondritic siderophile element values (at a given refractory lithophile element abundance), and this "depletion" relative to chondrites is due to metal-silicate equilibrium (core formation) in that particular body. Hypothetical planets (A, B, C, etc.) would then have slightly different depletions of siderophile elements ( fig. S1 ). Exceptions to this occur when either metal or sulfide are present in the mantle source, or if degassing has affected the siderophile element. If metal is present in the mantle during melting, the concentration of the siderophile element will be fixed or buffered at variable refractory lithophile element concentrations (fig. S1 ); metal does not affect the elements considered here, however, because none of the correlations discussed below are flat. Variable amounts of sulfide in the source can affect the concentrations of chalcophile elements during melting (e.g., (48)), but the Moon is thought to be S poor and S-undersaturated such that there would be no residual sulfide in the mantle (e.g., (49,50)). Finally, some volatile siderophile elements such as Cu, As, Sb, Ge, Pb, and Zn exhibit a range of concentrations at any given RLE concentration (e.g., Ti, Pr, or Ti), which is a reflection of magmatic degassing that may affect these elements more strongly than others (although the concentrations of these elements exhibit large ranges that are likely due to degassing, equally expected from emanation coefficients (51), severe depletions of Bi, Ag, and Sn are not observed). For those elements, then, we choose the highest concentrations in basalts (and glasses where appropriate but see next paragraph) as reflecting an undegassed melt or melting product, and thus representative of the lunar mantle.
Lunar volcanic glasses deserve some detailed discussion, as their volatile contents can have a more complicated history. Because lunar volcanic glasses are typically small melt droplets, diffusion can affect the concentrations in glasses, with diffusive loss being substantial (e.g., (52)).
On the other hand volatiles can condense from gases, with condensation being dependent upon the composition of the gas (e.g., Cl or S rich), such that volcanic condensates can be enriched in volatile elements as well (53, 54, 55, 56) . Because of these factors, volcanic glass data are used very carefully and sparingly in the analysis here. For example, Cu and Zn both show a wide range of concentrations in volcanic glasses, most likely due to effects of volcanic processing; some are low due to degassing, while others are high due to condensation (54, 57) . Germanium is highly susceptible to such volcanic enrichment and depletion processes, as shown in the dataset of (58).
The siderophile element abundances discussed in this work have all been estimated in the manner pioneered by (47) (see also (59) for a summary of this approach), with the important caveats and cautions discussed above regarding volcanic processes and the lunar glass data. For all lunar samples, samples plotted are pristine (not brecciated) and so they record levels unaffected by chondritic contamination. Data for specific elements are discussed in detail below, and lunar mantle estimates are presented using the data in figs. S2. As, Cu, Sb, Ga, Zn Sb, As, Ga, Ge, P, Cu, and Zn mantle estimates are determined using correlations with an appropriately matched lithophile element. Sources for these data include basaltic rocks reported by (29) (30) (31) (32) (33) (60) (61) (62) (63) (64) (65) (66) (67) (68) (69) , and glasses reported by (70) (71) (72) . Terrestrial data are from (60, (73) (74) (75) (76) (77) (78) (79) (80) (81) .
P,
P correlations with La are maintained over a wide range of P and La contents which makes the interpretation straightforward and uncertainty lower. There is no evidence for significant degassing of P, with the exception of one set of pyroclastic glass data that are not used in the P mantle estimates. As and Sb data are sparse and also exhibit a range of As and Sb contents suggesting that the lowest values may result from degassing. This is consistent with emanation coefficient data (51) and diffusivity data (82) for As and Sb suggesting magmatic volatility is an important influence. The range at the highest values represents a best estimate of the least degassed liquids.
Cu, Ga and Zn have similar behavior and for all three elements the correlations are defined using data from both glasses and basalts. Some of the highest values reported for samples that are obviously associated with volcanic processes causing enrichment (55, 57, 83) have not been included because the abundances of these elements are known to be enriched and redistributed during magmatic degassing, plumes and recondensation (53, 54, 56) . In summary, the mantle concentration ranges determined here are based on a best estimate of the least degassed liquids, the main assumptions for which are that elements such as Cu and Zn are known to be redistributed during pyroclastic events, and that Sb and As are susceptible to magmatic degassing.
Ag
Ag data from Apollo 12, 14, 15, 16 and 17 basalts of (33) are used to estimate the Ag content of the lunar mantle = 0.2(1) ppb. As with Cu, Ga, and Zn, the highest values are interpreted as undegassed, and thus representing melts from the mantle. The lowest Ag values were not used to estimate the mantle Ag contents because they have likely been compromised from degassing processes.
Ge
For Ge only a few datasets are available (33, 58, 63, and 71) . Ge is known to be volatile during magmatic processes, with enhanced volatility in Cl-rich systems, and is also suspected to be volatile in martian magmas (84, 85) . As a result, Ge may be susceptible to enrichment in fumarolic activity and pyroclastic processes (58), and it may be lost from magmas (33, 58) . In this work, 
Bi, Sn, Cd, In, and Tl
Depletions of Sn, Bi, In, and Cd in the lunar mantle were defined in (10) and will not be described in detail again; the reader is referred to that work for a detailed description of data and approaches used. The Cd and In contents are defined by a narrow range of concentrations, and interpretation is straightforward. However, Bi and Sn exhibit a slightly wider range, and the interpretation is similar to that for Cu, Ga, Zn and Ag -slight degassing results in the lowest values which are not used in reconstructing the mantle concentrations of Bi and Sn. Thallium in the lunar mantle was estimated by (86) and their work is adopted here. 
Section S2. Bulk Moon compositions
Three lunar bulk compositions -representing possible end members for Moon formation -are considered here:
(1) bulk Moon is from the terrestrial primitive upper mantle (37) as suggested in some formation models for the Moon (2, 4, [35] [36] [37] . This model is discussed in detail in the main text.
(2) bulk Moon is from the mantle of a Mars-sized impactor for which we will use Mars as a proxy; the mantle and bulk composition of Mars are relatively well known from meteorite studies and geochemical constraints (39, 40, 96) . Although there is no particular reason to think the
Moon is Mars-like in composition, this example is included to illustrate what the results would
be for a real example of a Mars-sized body of known composition, and for a body that is less volatile-depleted than the PUM.
(3) bulk Moon is from the mantle of a Mars-sized impactor, for which is used a CI chondrite bulk composition with an Earth-like volatility correction (see below), and segregated a core at the correspondingly lower PT conditions of a Mars-sized body. Additional assumptions are that the Mars-sized body had a 30% mass core (consistent with higher FeO in lunar mantle), melted to a depth of ~40% (typical for Earth and Mars) corresponding to P-T-fO2 conditions of 15 GPa, 2300 °C, and IW-2. The resulting mantle concentrations from this differentiated Marssized impactor are calculated according to the partitioning studies of (11) for Ge, As, and Sb, (10) for Cd and In, (97) for P, Cu, Ga, Zn, and Pb, and (98) for Bi and Ag (summarized in table   S1 ). This bulk composition is slightly more volatile-depleted than the PUM. varies from a factor of 1 for P to a factor of ~10 for the most highly volatile VSE such as In and Tl (table S1 and fig. S3 ).
PUM (and MSI) bulk composition:
Li has Tc(50%) = 1150 K, and has very similar concentrations in the lunar and terrestrial mantles (~1.6 ppm; (37), for PUM; 7 to 10 ppm Li in lunar basalts and glasses that may represent partial melting of a mantle with ~ 1.5 to 2 ppm Li using data from (101), and partitioning data of (102), indicating no loss of Li due to volatility. Thus no correction is applied to P which has an even higher Tc(50%) of 1229 K. Na, K, Rb, and Cs, however, have Tc (50%) of 1001, 996, 800, and 799 K, respectively) and so Ag, Sb, Ga, Ge, Bi, Pb, Zn, Sn, Cd, In, and Tl are all corrected by a factor of 4 to be consistent with these alkali elements. As and Cu, having intermediate Tc (50%) to Li and Na, are corrected by a factor of 2 and 3, respectively.
PMM bulk composition:
Li has Tc (50%) = 1150 K and has very similar concentrations in the lunar and terrestrial mantles (see preceding paragraph), indicating no loss of Li due to volatility.
Thus no correction is applied to P which has an even higher Tc(50%) of 1229 K. Na, K, Rb, and Cs, however, have Tc (50%) of 1001, 996, 800, and 799 K, respectively, and so Ag, Sb, and Ga are corrected by a factor of 7, Ge and Bi, are corrected by a factor of 8, Pb, Zn, and Sn are corrected by a factor of 9, and Cd, In, and Tl are corrected by a factor of 10. As and Cu, having intermediate Tc (50%) to Li and Na, are corrected by a factor of 5 and 6, respectively. 
Section S4. Alternative models with impactor bulk compositions
Using the primitive martian mantle (PMM) composition for the bulk Moon, the two disk processes can be modelled as described in the text and supplementary material.
Modelling gas-melt equilibrium results in fits to P and Tl (as required by the gas-melt model, which uses D(P) gas-melt = 40 and D(Tl) gas/melt = 100, with a gas fraction of 0.5) as well as Bi and Cd, but most other elements are too low. After segregation of a small core, only As can be added to the list of elements that can be explained. Nine other VSE remain poorly fit in a scenario with gas-melt equilibrium using reasonable assumptions.
Modelling disk mixing results in fits to Ga, Pb, Zn, Sn, and In, but again most other elements provide a poor fit to the lunar mantle estimates. If disk mixing is combined with core formation, As, Ag, and perhaps Bi are improved, but there are still 6 elements of both moderately and highly volatile nature that are not fit well and in fact several orders of magnitude higher or lower than the lunar mantle estimates. Neither of these models -disk mixing or gas-melt equilibrium -work well for this bulk composition, and a hybrid model offers no help to elements such as Cu, Ge, or
Sb that exhibit poor fits in the same direction for each model.
Hybrid models that consider both disk mixing and gas-melt equilibrium do not provide any improvements upon the two end members presented here. Therefore, modelling of this bulk composition does not lead to any viable solutions to the depletions of VSE in the Moon, as it is unclear what process would allow selected volatile elements to later be reconciled with the observed lunar mantle composition, without affecting the other VSEs.
Using the mantle of the Earth-like, but Mars-sized impactor (MSI) for the bulk Moon, the two disk processes can be modelled as described in the text and supplementary material.
Modelling gas-melt equilibrium results in fits to P and Tl (again, as required by the gas-melt model, which uses D(P) gas-melt = 0.1 and D(Tl) gas/melt = 400, with a gas fraction of 0.5) as well as As, Ag, and Cd, but most other elements are too low. After segregation of a small core, As does not fit anymore, and no additional elements are gained. Ten other VSE remain poorly fit in a scenario with gas-melt equilibrium using reasonable assumptions.
Modelling disk mixing results in fits to As, Cu, Ag, Ge, and Pb, but many VSE are too low such as Sb, Ga, Bi, and Sn, while Zn, Cd, In and Tl are too high. If disk mixing is combined with core formation, As and Ag no longer fit, and only Cu, Ge, and Pb do. There are still many elements of both moderately and highly volatile nature that are not fit well and in fact several orders of magnitude higher or lower than the lunar mantle estimates.
Neither of these models -disk mixing or gas-melt equilibrium -work well for this bulk composition, and a hybrid model offers no help to elements such as As, Sb, Ga, Bi, Sn, Cd, or Tl that exhibit poor fits in the same direction for each model. Therefore, modelling of this bulk composition does not lead to any viable solutions to the depletions of VSE in the Moon, as it is unclear what process would allow selected volatile elements to later be reconciled with the observed lunar mantle composition, without affecting the other VSEs.
In summary these two models where the bulk Moon is derived from the impactor, result in very different VSE concentrations than those estimated from sample suites. Top: Modelling gas-melt equilibrium (pink symbols) for bulk composition B (primitive martian mantle) results in fits to P and Tl (as required by the gas-melt model, which uses D(P) gas-melt = 40 and D(Tl) gas/melt = 100, with a gas fraction of 0.5) as well as Bi and Cd, but most other elements are too low. After segregation of a small core (red symbols), only As can be added to the list of elements that can be explained. 9 other VSE remain poorly fit in a scenario with gas-melt equilibrium using reasonable assumptions. Bottom: Modelling disk mixing (pink symbols) for bulk composition B (primitive martian mantle) results in fits to Ga, Pb, Zn, Sn, and In, but again most other elements provide a poor fit to the lunar mantle estimates. If disk mixing is combined with core formation (red symbols), As, Ag, and perhaps Bi are improved, but there are still 6 elements of both moderately and highly volatile nature that are not fit well and in fact several orders of magnitude higher or lower than the lunar mantle estimates.
Neither of these models -disk mixing or gas-melt equilibrium -work well for a bulk composition of the primitive martian mantle. Top: Modelling gas-melt equilibrium (light purple symbols) for bulk composition C (Mars-sized impactor mantle) results in fits to P and Tl (again, as required by the gas-melt model, which uses D(P) gas-melt = 0.1 and D(Tl) gas/melt = 400, with a gas fraction of 0.5) as well as As, Ag, and Cd, but most other elements are too low. After segregation of a small core (darker purple symbols), As does not fit anymore, and no additional elements are gained. 10 other VSE remain poorly fit in a scenario with gas-melt equilibrium using reasonable assumptions. Bottom: Modelling disk mixing (light purple symbols) for scenario C (Mars-sized impactor mantle) results in fits to As, Cu, Ag, Ge, and Pb, but many VSE are too low such as Sb, Ga, Bi, and Sn, while Zn, Cd, In and Tl are too high. If disk mixing is combined with core formation (darker purple symbols), As and Ag no longer fit, and only Cu, Ge, and Pb do. There are still many elements of both moderately and highly volatile nature that are not fit well and in fact several orders of magnitude higher or lower than the lunar mantle estimates.
Neither of these models -disk mixing or gas-melt equilibrium -work well for this bulk composition of a Mars-sized impactor mantle.
